In this paper, the analytical models of breakdown voltage design parameters and minimum specific on-resistance in vertical gallium nitride unipolar devices are proposed. Considering the discrepancy of the impact ionization coefficients (IIC) reported in previous literatures from the Monte Carlo simulations and experiments, the analytical models of avalanche breakdown of gallium nitride devices both in punchthrough and non-punch-through conditions are presented, i.e., the relationship between the breakdown voltage, drift doping concentration, drift thickness and critical electric field, which shows high accuracy with the results from numerical simulations. The comparison with the reported experimental results demonstrates the comparatively higher accuracy of the IIC data from Baliga. Taking into account the incomplete ionization in dopant impurities in GaN, the tradeoff between specific on-resistance and breakdown voltage is also given, demonstrating the optimized punch-through design has minimum specific on-resistance, which can be reduced by up to 12% for breakdown voltage from 1 kV to 15 kV. Meanwhile, the corresponding drift thickness can be reduced by from 18% to 20%, which can largely reduce the fabrication cost of epitaxial growth. The proposed optimized relationship is in good accordance with the results from MEDICI simulations.
I. INTRODUCTION
Gallium nitride (GaN) power switching devices are promising as ideal candidates in the high power and high frequency applications, leveraging the well-recognized advantageous wide-band-gap material properties such as high breakdown field strength, high electron mobility, high electron saturation velocity and high working temperature [1] , [2] . The high quality free-standing bulk GaN substrates with low dislocation density have facilitated the fabrication of the vertical GaN power devices including the p-n junction diodes [3] - [6] , Schottky Barrier Diodes [7] , [8] and transistors [9] - [12] . In the GaN unipolar devices such as MOSFETs and SBDs, a high breakdown voltage coupled with a low specific onresistance is highly desired from the viewpoint of power loss.
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The modeling and design of breakdown voltage (BV) are based on the impact ionization coefficient (IIC), whose accuracy can be verified by comparing BVs both from theoretically calculation and from their experiment measurements. In the state-of-the-arts, there are principally two attempts devoted in the verification: 1) Using the approximation of IIC, i.e., the Fulop model [13] , to obtain an approximation of the BV. This has been commonly performed in Si [14] , SiC [15] and also in GaN recently [16] , [17] . However, the approximation of effective impact ionization rate in [16] and [17] can introduce substantial error of BV, which inevitably impairs the accuracy of their conclusions. Although there is a large number of literature dealing with the theoretical definition of such kind of analytical models, especially for silicon devices, a comprehensive analytical model for the vertical GaN unipolar devices is still not reported yet.
2) Incorporating the IIC parameters into the simulator to obtain the accurate BV. Unfortunately, this method will require a significant expenditure of manual and computational effort due to the geometry and meshing of the structures in the numerical simulator. A verification of a 2600 V GaN diode has been implemented recently in [18] , which can sufficiently support the conclusion of the better IICs. In pursuit of a good compromise between computational accuracy and efficiency, in this paper the accurate breakdown voltages of a GaN pn junction as shown in Fig. 1 , which is usually the basic voltage-sustaining layer for vertical unipolar devices, will be numerically calculated from the impact ionization integral by using Chynoweth model [19] , and extensive investigations will be performed on the accuracy of four important IICs from Monte Carlo simulations and from experiments. Additionally, in terms of the specific onresistance, the non-punch-through (NPT) case in Fig. 1 (a) of the drift region is explored in [16] and [17] to obtain the ''GaN limit''. However, as is well known that it is basically not an optimum design, especially for a large breakdown voltage, and the punch-through (PT) case in Fig. 1 (b) should be considered. Meanwhile, the incomplete ionization effect was also not considered in their papers. Therefore, the novelty of this work is: 1) the immediate verification for the IICs in terms of BV; 2) the design parameters of minimum R on,sp for a given BV considering the incomplete ionization effect. In these perspectives, an accurate and optimized method is essential and will be investigated in this paper. The remainder of our work is organized as follows. Sec. II compares the IICs for GaN material in the reported literatures, and the corresponding breakdown voltages are numerically calculated by MATLAB and verified by the MEDICI simulations. Comparisons are also made with the reported experimental results to evaluate different IICs. In Sec. III, the design parameters for PT and NPT conditions are discussed, and minimum specific on-resistance including the incomplete ionization effect for the optimized PT condition are determined. Conclusions are drawn in Sec. IV.
II. NUMERICAL CALCULATION, SIMULATION VERIFICATION AND EXPERIMENTAL COMPARISON OF BREAKDOWN VOLTAGE WITH DIFFERENT IMPACT IONIZATION COEFFICIENTS A. COMPARISONS BETWEEN DIFFERENT IMPACT IONIZATION COEFFICIENTS FROM MONTE CARLO SIMULATIONS AND EXPERIMENTS MEASUREMENTS
The commencement of avalanche breakdown is essentially due to the impact ionization process characterized by the impact ionization coefficients for electrons and holes. As in semiconductor p-n junctions, avalanche breakdown occurs when the impact ionization integral reaches unity [20] I n = ∫ α n exp w α p − α n dv dw= 1 (1) where I n is the impact ionization integral of electrons, and α n = a n exp(−b n /E) and α p = a p exp(−b p /E) are the impact ionization rates of electrons and holes, respectively, modeled by the Chynoweth model. Accordingly, a precise knowledge of the IIC, i.e., a n , b n , a p and b p , is conducive to developing an accurate model of breakdown voltage and understanding its subsequent characteristics for power devices. The IICs are generally obtained from the Monte Carlo simulations [21] - [24] or the experiments [17] , [25] , [26] . Nevertheless, different computational approaches or physical mechanisms selected in Monte Carlo simulations will lead to various parameter values, and different fabrication process such as growth or implantation method results in the different experimental values [18] . Moreover, uneven electric fields within the device and premature breakdown at inadequate edges termination complicate the IIC measurement [17] . Several different IICs [17] , [22] , [24] are compared with Sentaurus TCAD simulation in [18] , and conclusion is drawn that the IIC from Baliga [17] gives a near exact fitting with the simulation and experimental results of breakdown voltages. Actually, the verification from limited TCAD simulation has insufficient data to support the conclusion in itself. Four different reported IIC results, the Monte Carlo simulations result by Oǧuzman et al [21] and Chen and Wang [22] , the experimental result by Baliga [17] as well as the latest reported experimental data, to our knowledge, by Cao et al [26] are considered here. These IIC data are listed in Tab. 1. Fig. 2 (a) and 2(b) also comparatively show the IICs of the electrons and holes, respectively, as a function of inverse electric field. From the comparison, it is found that Baliga's IIC has the lowest values for high electric field, whereas for low electric field, Oguzman has the lowest ones. When using these IICs, three points should be addressed: i) according to the simulation results in [22] , there should be a typo in the original data of b n and b p , i.e., 2.473 × 10 4 and 1.608×10 4 V/cm. The corresponding value should be revised as 2.473 × 10 7 and 1.608 × 10 7 V/cm, respectively; ii) since the Monte Carlo results in [21] does not provide the analytical expressions, their corresponding fitting data proposed in [27] are adopted; (3) it is not recommended to use the fitting data of a n = 5.02 × 10 8 cm −1 , b n = 3.41 × 10 7 V/cm, a p = 6.80 × 10 6 cm −1 , b p = 1.87 × 10 7 V/cm for [21] in [26] , as they are far from consistent with the Monte Carlo results.
In order to evaluate these impact ionization coefficients, the corresponding breakdown voltages are numerically calculated from by MATLAB and will be later compared with the ever reported experiments.
B. NON-PUNCH-THROUGH AND PUNCH-THROUGH CONDITIONS
As discussed in conventional silicon p-n junction, the nonpunch-through (NPT) condition corresponds to the case that the electric field has a triangle distribution and, at the voltage-sustaining layer boundary, falls down to zero, which is ordinarily encountered in a sufficient thick drift region. In contrast, the punch-through (PT) condition happens when the drift region is fully depleted and the electric field has a trapezoid distribution, i.e., E(y)
where BV is the breakdown voltage, W the drift thickness, q the electron charge, N the drift doping concentration, and ε the permittivity of GaN. It is conspicuous that, for a given breakdown voltage, there are numerous combinations of drift doping concentration N and thickness W to satisfy the PT condition. This N ∼ W relation is the key to deriving the optimum specific on-resistance of PT design in Sec. III.
Although the state-of-the-art designs for GaN pn junction almost concentrate on the NPT condition [3] , [16] , [17] , the PT condition could be the better candidate considering the fact that superior specific on-resistance is viable by adopting a narrower depletion depth and a lower doping concentration. However, for simplicity, the electric field in NPT condition can be treated as a special case of PT condition, and thus the following calculation of the breakdown voltages can be readily performed for the PT condition.
C. NUMERICAL CALCULATIONS AND COMPARISONS OF BREAKDOWN VOLTAGE AND THE CORRESPONDING N ∼ W RELATION
Substituting the trapezoid distribution of electric field into the impact ionization rate, i.e., α n and α p in (1), the solution of the impact ionization integral by using the approach similar with [28] yields the N ∼ W relation for a given breakdown voltage.
Figs. 3(a) to 3(d) shows the N ∼ W relation with respect to breakdown voltage for various IICs. The contours of breakdown voltages clearly show the combinations of drift doping concentration and thickness. The red dash line denotes the NPT condition as discussed in [3] , [16] , [17] , but is more accurately considered here. Below the NPT line, the ''punchthough region'' denotes the PT condition with the fully depletion for the voltage-sustaining layer. Besides, it is obvious that NPT design is the boundary of the punch-through region. The red solid line in Fig. 3 (c) is the design to obtain minimum specific on-resistance for the optimized PT condition, which will be discussed in details in Sec. III. The gray ''unrealistic region'' denotes that the doping concentration and depleted thickness is not possible in practice with a given breakdown voltage. That is to say, if the design parameters are in this region, the drift region will not be fully depleted (i.e., in NPT condition) and therefore the doping concentration will be used to determine the breakdown voltage.
D. SIMULATION VERIFICATIONS AND EXPERIMENTAL COMPARISON OF THE BREAKDOWN VOLTAGES
In order to verify the accuracy of the numerical calculations, simulations for Schottky diodes with breakdown voltage from 1 to 15 kV are extensively carried out by MEDICI simulator where the corresponding IICs are incorporated. The simulations are based on the NPT design, where the doping concentrations and thicknesses of the drift layer are obtained from the aforementioned calculation results. The simulated BV npt s as a function of the doping concentration N npt based on Oğuzman's and Baliga's IIC are illustrated in Fig. 4 , which indicates high consistency. This ensures the feasibility of the calculation method to well replicate the impact ionization process in simulation.
The recent important experiment results of diodes in [4] - [6] and transistors in [10] and [11] are then incorporated in Figs BVs than Oğuzman's data. This can be interpreted in detail from Fig. 2 (a) and 2(b), wherein Baliga's IIC is higher when E > 2.681 MV/cm and lower when E < 2.681 MV/cm than Oğuzman's IIC. A smaller IIC corresponds to a lower impact ionization integral and thereby a higher BV. In Fig. 4 for the NPT design, the same BV predicted is 3651 V with doping concentration of 5.965 × 10 15 cm −3 . When BV > 3651 V, its value predicted from the Oğuzman's IIC is higher than that from Baliga's IIC. When BV < 3651 V, its value predicted [16] , [17] from the Oğuzman's IIC is lower than that from Baliga's IIC. For instance, with the doping concentration of 2 × 10 15 cm −3 , Oğuzman's IIC predicts a 906 V higher (from 8877 to 7971 V) than Baliga's IIC. Accordingly, more experiments results are required to further verify the accuracy of the IIC. However, judging from the comparison of the reported experimental and the numerical calculation results of BVs with different IICs, it is theoretically inferred that the Baliga's IIC is a better choice to date in terms of breakdown voltages.
In addition, as is evident from the preceding discussion, the approach proposed here is very efficient to verify the accuracy by comparing the experimental and the calculated BVs. In next section, based on Baliga's experimental IIC, the design parameters with analytical expressions targeting a minimum specific on-resistance will be presented.
III. DESIGN PARAMETERS FOR MINIMUM SPECIFIC ON-RESISTANCE
Before the optimization of the specific on-resistance, one important issue, i.e., the incomplete ionization of the doping impurities, should be addressed, since in the wide bandgap semiconductors this phenomenon is very common even at room temperature [29] . According to the Fermi-Dirac statistics, the dopant ionization ratio η, which is dependent on the doping concentration and the ionization energy, can be easily derived as η = 2/[1+(1+4g D N D ) 1/2 ] [30] , where n 1 = N c exp(− E D /k 0 T ), and g D = 2 is the spin degenerate factor for electrons. The ionization energy E D of silicon donors in GaN used here is 30 meV. The effective state density N c = 2.23 × 10 18 cm −3 is used. For N D = 1 × 10 16 cm −3 and 1 × 10 17 cm −3 , the ionization ratios are 97.3% and 81.1%, respectively. Obviously, the carrier concentration can be expressed as n 0 = ηN D , and accordingly the specific onresistance can be obtained as R on = W /(ηqµ n N D ). Here µ n denotes the low-field drift mobility of electrons, which can be determined by the Caughey-Thomas formulae
where in the parameters of µ min = 295.0 cm 2 /(V·s), µ max = 1460.7 cm 2 /(V·s), N ref = 1×10 17 cm −3 and α = 0.66 are the Monte Carlo simulation results from Farahmand's work [31] . For a given breakdown voltage, R on could have a minimum value when in optimized PT condition rather than in the NPT condition.
It should be emphasized that, even if the TCAD simulation can be elaborately designed to find out the exact combination of drift doping concentration and drift thickness simultaneously to further find the minimum specific on-resistance for a given breakdown voltage, the process in itself is very complicated and time-consuming. Consequently, the main work in optimization relies more importantly on the numerical calculation rather than the TCAD simulation in the design and optimization of GaN drift layer.
A. DESIGN PARAMETERS OF THE OPTIMIZED PT CONDITION AND NPT CONDITION
For the optimized PT design, the minimum R on,pt(opt) can be obtained from the calculated data of N ∼ W relation in Fig. 2(c) , and fitted with BV pt(opt) as R on,pt(opt) = 1.95 × 10 −9 BV 2.51 pt(opt) (m · cm 2 ).
For a specific practical application with a given BV pt(opt) , the doping concentration and thickness of the drift region can be obtained as 
where N pt(opt) and W pt(opt) are the drift region doping and the thickness in optimized NPT condition, respectively. From (4a) and (4b), the optimal N ∼ W relationship, i.e., the red solid lines in Fig. 3(c where N npt and W npt are the drift region doping and the thickness in NPT condition, respectively. Fig. 5 shows the design parameters for NPT and optimized PT designs. For the NPT design, the results based on the Fulop model with the Oguzman's IIC in [16] , FIGURE 5. The comparison of the N ∼ W relation for the NPT and PT designs. The NPT design proposed in [16] , [17] are based on Fulop model and in this paper based on Chynoweth model. The optimized PT design shows smaller W especially for large BVs.
i.e., BV npt = 1.86 × 10 16 N −0.80 npt (V) and W npt = 4.42 × 10 11 N −0.90 npt (µm), has a large discrepancy with the design based on the numerical calculations. This is because the IICs approximation is overestimated and consequently, a thicker drift region is needed for a given BV. The design in [17] , i.e., BV npt = 2.51 × 10 15 N −3/4 npt (V) and W npt = 1.57 × 10 11 N −7/8 npt (µm), has almost the same results for relatively low BV and a little difference for relatively high BV from the numerical calculation. The fitting curves with (4a) -(4b) for NPT condition and (6a) -(6b) for optimized PT condition are both well consistent with their numerical results. Furthermore, from the calculation results, the optimized PT design can largely reduce the thickness by nearly 18% (from 4.8 to 3.9 µm) when BV = 1 kV and by nearly 20% (from 131.5 to 105.3 µm) when BV = 15 kV. The largely reduced thickness will effectively save the fabrication cost of epitaxial growth, especially for a high BV. Fig. 6 illustrates the critical electric fields (E c ) for these designs. The values given in [17] have large discrepancy with our numerical calculation results. The comparison demonstrates that the optimized PT design has a lower E c , by virtue of the thinner and more lightly-doped drift region, compared with the NPT case. The predicted critical electric field E c from the numerical simulations is reduced from 2.26 MV/cm at BV = 15 kV to 4.10 MV/cm at BV = 1 kV. FIGURE 6. The critical electric fields for the NPT and the optimized PT designs. Fig. 7 depicts the comparisons of R on in the aforementioned NPT and optimized PT designs. For the NPT design, the R on given in [17] , i.e., R on,npt = 3.12 × 10 −12 BV 2.5 npt (m ·cm 2 ), is 24% to 31% larger than our numerical results of (5) . This is due to the fact that, the constant mobility of 1000 cm 2 /(V·s) is used independent of the doping concentration in [17] , whereas the Farahmand parameters used in (2) correspond to a mobility ranging from 1037 cm 2 /(V·s) (N npt = 4.279 × 10 16 cm −3 at BV = 1 kV) to 1413 cm 2 /(V·s) (N npt = 8.535 × 10 14 cm −3 at BV = 15 kV). Furthermore, for the optimized PT design in (3), although the doping concentrations are smaller, the minimum specific on-resistance can be reduced by up to 12% when breakdown voltage ranges In contrast, for silicon, by using the van Overstraeten-de Man's IIC [32] and Caughey-Thomas mobility model [33] , the minimum specific on-resistance by using the same numerical method can be obtained as R on,pt(opt) = 1.64 × 10 −5 BV 2.38 pt(opt) (m · cm 2 ) (
For 4H-SiC, Kimoto utilized the latest data of both IICs and mobility and proposed the real ''SiC limit'' for the optimized PT design as [29] R on,pt(opt) = 2.95 × 10 −8 BV 2.28 pt(opt) (m · cm 2 ) (
The minimum values of specific on-resistance R on,pt(opt) of GaN, SiC and Si are compared in Fig. 8 . For breakdown voltages ranges from 1 to 15 kV, the minimum specific onresistance for GaN vertical power devices is 2.09 to 0.63 times smaller than those for 4H-SiC and 3528 to 2400 times smaller than those for silicon. The recent experimental results of vertical GaN SBD with BV of 1100 V and R on of 0.71 m ·cm 2 in [34] and GaN MOSFET with BV of 1620 V and R on of 2.7 m ·cm 2 in [10] are also compared in Fig. 8 , which shows they are still inferior to the predicted GaN limit and suggests that the material quality, fabrication process as well as the design parameters should be further improved. Furthermore, it should be pointed out that the design parameters proposed in this paper are fully and numerically calculated the impact ionization integral without any approximation like the Fulop model, and the minimum specific on-resistance are more reliable compared with experimental results. Accordingly, they are highly recommended as the more accurate analytical expressions of ''material limit'' for GaN, SiC and Si for BV ranging from 1 to 15 kV.
IV. CONCLUSION
The studies of design parameters for minimum specific onresistance have been carried out for the gallium nitride devices with NPT and PT conditions. Avalanche breakdown voltages, based on four different impact ionization coefficients for electrons and holes, are numerically calculated and compared with the TCAD simulation results and experimental results. Minimum specific on-resistance as the theoretical limit of GaN, i.e., R on,pt(opt) = 1.95 × 10 −9 BV 2.51 pt(opt) (m ·cm 2 ), can be obtained in the optimized PT condition considering the Farahmand's mobility with Caughey-Thomas model. The design parameters of the doping concentrations and thickness are numerically calculated and fitted as N pt(opt) = 7.08 × 10 20 BV −1.43 pt(opt) (cm −3 ) and W pt(opt) = 9.95 × 10 −4 BV 1.21 pt(opt) (µm), respectively. The analytical design proposed in this paper for the four kinds of IIC has two folds of meanings. First, with the high quality of material and the development of reliable junction termination strategy, the comparison of the experiments and numerical results of breakdown voltage will facilitate to verify the accuracy of the simulation or experimental data of the IICs including the new materials. Second, the numerical method can help the researcher to efficiently obtain a better BV ∼ R on tradeoff design. This can provide useful guidelines for the developments of GaN devices.
A further investigation, taking into consideration of the temperature-dependent breakdown voltage and specific on-resistance, will be studied in our future work.
